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Solar System Abundances
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Supernova Classification According to Spectra

maximum 3 weeks one year
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Brief Summary of Burning Stages (Major Reactions)

1. Hydrogen Burning T=(1-4)x10’K
pp-cycles -> 'H(p,e"v)*H
CNO-cycle ->slowest reaction “N(p,y)"”0O

2. Helium Burning T=(1-2)x10°K
‘He+*He < °Be *Be(o,y)"*C[(e,y)"°O]
4N (x,y)®F(B)'80(cx,y)?*Ne(x,n)* Mg (n-source, alternatively >C((e,[1)'°O)

3. Carbon Burning T=(6-8)x10°K
12C(12C,x)*'Ne 2Na(p,x)*’Ne
12C(12C,p)*Na BNa(p,y)*Mg

4. Neon Burning T=(1.2-1.4)x10°K
20Ne(y,x)'°0
“'Ne(x,y)*Mg[(x,y)*Si] 30kT = 4MeV

5. Oxygen Burning T=(1.5-2.2)x10°K
160 (120, x)?Si 31P(p,)*Si
...... PP ...,n)*'S(B)'P P(p,y)*S

6. “Silicon” Burning T=(3-4)x10°K

(all) photodisintegrations and capture reactions possible
= thermal (chemical) equilibrium



Global Chemical (=Nuclear
Statistical) Equilibrium (NSE)
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Astrophysmal Sites
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Explosive Burning

10

LogTis)

Skburnin

Me-buming

[ & \|...|... _5_-l

¢ O : T
Ne Si

10

typical explosive burning process timescale order of seconds: fusion
reactions (He, C, O) density dependent (He quadratic, C,O linear)

photodisintegrations (Ne, Si) not density dependent



Explosive Si-Burning
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Explosive Burning above a critical temperature destroys (photodisintegrates) all
nuclei and (re-)builds them up during the expansion. Dependent on density, the full
NSE is maintained and leads to only Fe-group nuclei (normal freeze-out) or the
reactions linking *He to C and beyond freeze out earlier (alpha-rich freeze-out).



S-, - and p-Process
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Wind Losses During Stellar Evolution
(Effects of Rotation)
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Stellar yields divided by the initial mass as a function of the initial mass for non—rotating (left)
and rotating (vight) models at solar metallicity (Hirschi et al. 2005, Yusof et al. 2010)



Effect of fast Rotation on Stellar Evolution and Wind Losses
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Predicted evolution of 60 M_, PopllII star with 52 or 65% critical rotation (Meynet et al. 2007).

Similar results for more massive stars, which would — without rotation-enhanced mass loss — end as
pair instability SNe. Evolution of "*?C/°C ratio for stellar yields without or with the inclusion of fast
rotators for metallicities below Z = 107 solid line/dashed line (Chiappini et al. 2009), also
producing primary N and increasing N/O and C/O (Hirschi et al. 2008, Yusof et al. 2010).



s-Process (neutron) Sources

Core burning of massive stars (weak s-process)

1. Helium Burning T=(1-2)x10°K
‘He+*He < ®Be "Be(x,y)"*C[(x,y)"O]
N (et y) S (B)*0(et,y)?Ne(et,n)*Mg

2. Carbon Burning T=(6-8)x10°K
12C(12C,0()20Ne IZC(p’y)IBN(B+)13C
12C(12C,p)23Na BC(O(,H)16O

protons as well as alphas are not existing intrinsically in C-burning,
as destroyed in prior H-burning and He-burning. They come from
the C-fusion reaction

He-shell flashes in AGB stars (strong s-process)

protons are mixed in from the H-shell and produce °C (as in 2. above),
but the latter can react with the full He-abundance in He-burning and
produce a strong neutron source.



in low and intermediate mass stars the H- and He-shells are located at small
distances. They do not burn in a constant fashion. If the H-burning zone is on, it
creates He fuel. After sufficient He is produced, He is ignited in an unburned
He-rich zone (at sufficient densities and temperatures). The burning is not stable,
the amount of energy created in a shallow zone is not sufficient to lift the
overlaying H-shell which would cause expansion + cooling, i.e. steady burning.
Instead He-burning, being dependent on the density squared, burnes almost
explosively (flash), causing then a stronger expansion which even stops H-
burning in the H-shell. This behavior repeats in recurrent flashes. H is mixed
into the unburned He fuel.

Schematic structure
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Observations of post-AGB stars, indicating the intrinsic
pollution due to strong s-processing

IRAS 08281-4850

T L L e .
- I\/IAGBini =2 M,; case: ST Reyniers et al. 2007a |
JF Fel™= 0.0 [Fe/H] =-0.33
; dil = 0.0 dex ]
3 E Te= 7750 K; log g = 1.0 ;

|El/Fe]

Atomic Number

FIGURE 1. Theoretical interpretation of the post-AGB star IRAS 08281-4850 by Reyniers et al.
(2007a) |2], with M-l‘%l-GB =2 Mg, case ST.

Gallino et al. (2008)



The s-process is secondary process (capturing neutrons on pre-
existing Fe-group nuclei). A similar neutron exposure on smaller
amounts of Fe-seeds leads to stronger production of the heaviest

s-nuclei (so-called lead stars).

MACHO 47.2496.8 (LMC)

_ MACE. .~ 1.4M,; case: ST/4.5 Reyniers et al. 2007
4 b [”.Fe]ini= 0.0 [Fe/H] =-1.42 E
: dil = 0.0 dex :
3 b To= 4900 K; log g = 0.0 E

[El/Fe]

Atomic Number



the full process of multi-D mixing is not fully understood yet
(resolution and 3D), thus the mixing efficieny is introduced by a
paramter (here ST*fac)

IRAS 14325 6428
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each star shows a specific stage of s-processing, i.e. we have no
overall agreement with ,,solar* s-process abundances in a single star.
Solar s-abundances are only obtained via integrating over an IMF and
over galactic evolution with increasing metallicity



Type Ia Supernovae from Accretion in

Binary Stellar Systems

Type | (a) Supernova

1%
8 ¥
N/
mass transfer
\l white dwarf
c on star > —

1) binary system 2) compression 3) central ignition

4) complete disruption

binary systems with accretion onto one compact object can lead
(depending on accretion rate) to explosive events with thermonuclear
runaway (under electron-degenerate conditions)

- white dwarfs  (novae, type Ia supernovae)

- neutron stars (type I X-ray bursts, superbursts?)



Back of the Envelope SN Ia

e.g. W7 (Nomoto, Thielemann, Yokoi 1984); delayed
detonations (Khokhlov, Hoflich, Miiller; Woosley et al.)

M, = 1.4M of 12C/1%0=1 WD — 1.398776 M, *°Ni
—2.19x10°  erg - Egra = (5—6) x 10°Y erg

reduction due to intermediate elements like Mg, Si, S, Ca

— 1.3x10°! erg in spherically symmetric models description of the

burning front propagation (with hydrodynamic
instabilities) determines outcome!



relative abundance by mass

0.1

0.01

0.001

W7 (Nomoto, Thielemann, Yokoi 1984)

radial velocity [ 10° km s~ ]

i

Ti/Cr
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a deflagration (subsonic burning front) with a propagation speed
related to a mixing length in time-dependent mixing length
theory of 0.7 times the pressure scale height.



Neutronization via electron capture
(high Fermi energies at central densities)
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(a) (b) M/M,

(a) Test for influence of new shell model electron capture rates (including pt-
shell Langanke, Martinez-Pinedo 2003)

(b) Test for burning front propagation speed (Brachwitz et al. 2001)
direct influence on dominant Fe-group composition resulting from SNe la



(Y/Y,0)/ (Ve Yieo)

(Y/Y,0)/ (Yeo/ Vo)

Ignition density determines Ye and

neutron-richness of (60-70% of) Fe-group
FKT et al. (2004, spher. sym. explosions with parametrized burning front)
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s,while °°Ni

iagram

show the mass enclosed inside the layer
of intermediate mass elements (IME),
i.e., the total mass burned.

| >*Fe and *°Ni in the SN core are roughly

The mass enclosed by the position of
IME's is inferred to be similar for all

groups in a sample of SNe la. The
1 SNe of the sample, and the explosion

enclosed mass of different burning
products is plotted vs. Aml15 (B).

| Open circles refer to stable **Fe and
*SNi,; solid circles to °°Ni, and open

constant over all luminositie

with Aml15 (B).

energy seems constant (from Mazzali et

| al. 2007).

1 triangles to the sum of these. Crosses
1 determines the luminosity and correlates
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Subluminous Type Ia Supernovae
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The underluminous Type Ia Supernova 2005bl
(Taubenberger 2008)

—6.0d —5.0d —3.0d +4.8d Solar
£t 11.0d 12.0d 14.0d 21.8d
L, 1.24 % 10™  1.56 x 10**  2.06 x 107  2.56 x 10*°
v 7500 7350 7100 6000
7.4 10 620 10 790 10670 9230
X(C) 0.045 0.030 0.010 0.000 2.16 x 1073
X(0) 0.905 0.878 0.847 0.788 5.36 x 1077
X (Mg) 0.015 0.040 0.060 0.080 6.04 x 10 *
X (Si) 0.025 0.037 0.060 0.090 6.66 x 10~ *
X(S) 0.006 0.009 0.013 0.020 3.24 x 10~ *
X(Ti) 3.7 < 107% 7.3 x 1071 1.4 x 107°% 45 x 1077 279 x 107 °
X (Cr) 3.7 x 1077 7.3 x1077  1.4x1077  45x 1077 1.66 x 1077
X(stable Fe) 1.0 x 104 1.2 x 10°* 4.0 x 10" 1.4 x 107° 1.15 x 1077
X(°°Ni) “ 2.0 x 10~* 2.5 x 1077

*Ni mass <0.IM_, (but large Ti and Cr abundances),

large amounts of IME's, at least 50% of ejecta unburned
material, metallicity in unburned matter smaller than

_ 1/10 solar. Due to spectroscopic similarities of SN

ﬂ Photospheric hlas:{l::huc:ly temperature iK]'2005bl t0 SNe ]991‘2g ]99761792 1998de and 1599[))/ and
" Mass fraction of ""Ni and its decay prndutﬁ%ﬁ,most of the latter SNe also exploded in early-type,
supposedly metal-rich galaxies, this could point towards
a very long-lived progenitor population for all
underluminous, 91bg-like SNe la (which ignite
differently for these metallicities).

Time from explosion.

; . . —1
Bolometric luminosity |[ergs™ " ].
: . - —1
“ Photospheric velocity [kms™ "].



Core Collapse Supernovae from

Massive Stars

dominant elements:
silicon (Si)
oxygen (0)

Type Il Supernova| ||,

helium (He)
® neutrino

1) super giant 2] core collapse begins 3) core bounce/max. compression




Neutrino-driven Core Collapse
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Simulations with Rotation and Ma

xy-Plane, Time wrt Core-Bounce: 0.07000 s
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Liebendorfer et al
_ . (10) ,Whitehouse et
al. (09), see similar
2-3D progress by
Janka, Burrows,

1" Mezzacappa groups

entropy and
magnetic field
strength 0.07s
after bounce

log10(Magnetic Field [G])

grav. wave signal
should be seen
with LIGO at
10kpc

VL4 NG

7
x10

Jull solution of the core collapse SN problem probably includes: 3D, standing
accretion shock instability (SASI), accoustic modes, MHD, rotation, collective

neutrino flav. oscillations? (Duan et al. 07, Dasgupta et al. 08)



100 ¢ . . | |
s 98bw | -
- . (a) | 03dh : é 1 031w
23 _ _
(<5} 97ef
-.oS 10 + | OBD/ f Hypernova Branch |
g 02ap1l g ' f Odaw :
% 06aj
S - 05bf
o 1 9&153' 87A . ;
= 94l BIA G 990r |
k= | © |
X 97D Faint SN Branch
0-1 | | | | 1 | I
10 15 20 25 30 35 40 45 50
Main Sequence Mass (M,.)
1 : T T T T T
D) oy e e
= e | 0s4aw® ' esbw O3V
=
— 1 93J ]
@ 0.1 1 }—%1 02ap 97ef Hypernova Branch 7
& : 941 g
E - 08D | 05bf
= _
[{e]
S 0.01 | \ ]
D r | % 97D |
[=] ' |
D
| © |
Lu0.001 I 99br l Faint SN Branch ]
10 15 20 25 30 35 40 45 50

Main Sequence Mass (M,.)

End Stages of Massive Stars
(Nomoto et al. 2009)

« 8- 10 M super-AGB stars

when O+Ne+Mg core collapses
due to electron capture, produce
little a-elements and Fe-peak

elements
10 - 90 M undergo Fe-core

collapse. Nucleosynthesis in
aspherical explosions might be
important,

« 90 - 140 M stars undergo

pulsational nuclear instabilities
at various nuclear burning
stages, including O and Si-
burning.

140 - 300 M _ stars become
pair-instability supernovae, if
the mass loss is small enough.
«> 300M  Very massive stars

undergo core-collapse to form
intermediate mass black holes.
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The GRB- Supernova
Connection

Fluz farbsiury urits|

E300
Reat wersshengith (A

EEOC

Ejecta distribution in
a parametrized jet-
model for GRB-

SNe (Maeda et al.
2002). Blue and green
colors stand for Fe-
group material, red for
oxygen. The resulting
[O I] AA6300, 6364
profiles for different
viewing angles are also
shown (from Mazzali
et al. 2005).



Diversity in Type Ic Supernovae

Taubenberger (2008)

Comparison ol absolute magnitudes, kinetic energy, ejecta mass and Ni mass

of SNe Ic.”

SN My (mag)  FEuia/10%erg  M.; /M My f M= references
19941 —17.62 1 0.9 0.07 NO4,R96G
2004 aw —15.02 3.5-9.0 3.5-8.0 0.25-0.35  this paper
2002ap —17.35 4 3 0.08 MO2,FO3. T06
1997Tef —17.14 19 9.5 0.16 MNMOO,NO4
1998 bw —19.13 30 10 0.70 GOS,INOD

“ For all SNe except SN 2004aw, the values for kinetic energy, ejecta mass, and nickel mass
have been inferred from light curve and spectral models.

N94 = Nomoto et al. 1994;

R96 = Richmond et al. 1996;

MO2 = Mazzali et al. 2002;

FO3 = Foley et al. 2003;

T06 = Tomita et al. 20006;

MOO = Mazzali, Iwamoto & Nomoto 2000;
MO4 = Mazzali et al. 2004;

(GO = Galama et al. 1995:

NOO = Nakamura et al. 2000



Was Supernova 2007bi a pair-instability explosion or a type Ic
super(hyper)nova (Gal-Yam et al. 2009 or Moriya et al. 2010)?

-23 21 T T
| CC100 (no mixing) ——
O data PISN270
2 e 2l SN 2007bibol
] W sohar O SN 2006gy (Y10 bol @
=100 Solar SN 20069y (Agnoletto+ 2009) bol A
ol 110 solar N SN 2006gy (Smith+ 2007)R- W
] e 120 S0l 19 ¢
? ;
3J
-20- =
£ c 45t
s :
” 19 : |
2 F
0 4l )
g™ :
© 16 1

15
16r N
() y L
_1 | | | | | | |
-550 0 5 100 150 200 250 300 350 -100 0 100 200 300 400
days since explosion days since the maximum magnitude

Pair Instability Supernova of 100-110 M_  core collapse SN of about 100M_ |
with strong mass loss (rotation)



(o))

How to invoke induced explosions for
nucleosynthesis purposes?

Entropy (k/baryon)
W
T 11 | 1T | 1T 11 | T 11 | 1T | 1T 11

0 ]

/

position of Fe-core / oxygen shell

0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Interior Mass (solar masses)

without a self-consistent mechanism nucleosynthesis can only be calculated with induced
explosions. Woosley & Heger position a piston with 1.2B at S=4k /b, Nomoto/Thielemann applied

thermal bomb and integrate from outside until expected *°Ni-yield.

10°

108

107

106

10°

Density (g/cc)



Production factor (solar)
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|||u]

180 190 200 210

mass number

Wooley & Heger (2007):

Results for initial solar
metallicity, integrated over a
Salpeter initial mass function
and divided by initial
abundances -> overproduction
factors.

Intermediate mass elements well
reproduced, Fe/Ni-group
depends on choice of mass
cut/location of piston,

well pronounced weak s-process,
absence of r-process as not
included in modeling,

p-process isotopes only well

reproduced at high end.



The p-process

— —
— —
Joxs s

Abundances [Si=10°]
=

—_
]
=

Arnould & Goriely (2003)

40 60 30 100 120

Arnould (1976) and Woosley & Howard
(1978) suggested, opposite to initial
ideas of B?FH, photodisintegrations of
pre-existing heavy (s-process) nuclei,
which occur in the thermal bath of
supernova explosions in explosive Ne/O-

burning layers with peak temperaturs of
2-3 10° K.



Comparison with solar p-only nuclei
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"Goriely & Arnould (2003)
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Ideas for solutions

Foxperiment

Experiment with degrader
Theory { MeFadden-Satchler)
------- Theory {Frihlich-Ranscher)
- - - - Theory {Avrigeanu et al.)

Gamow window

FICi., 3: Measured S factors of "Inla.s _‘.I“I'-HIJ reaction
compared to theory unsing the NON-SMOKERWYEE v5.4.2w
code [30] with different o+ nuclens potentials: by MeFadden
and Satchler [34], Frohlich [35, 36]. and Avrigeanu et al. [37].
The astrophysically relevant energy range, Gamow window,

at 3 G as an example is also shown.

Possible solutions:

There have been many investigations in p-
process related reactions (Gylirky, Hasper,
Kiss, Yalcin, Mohr, Sonnabend, Dillmann,
Rauscher..) which led to improved
understanding of alpha and proton optical
potentials, but the problem seems not to be
solved by nuclear rate uncertainties. The
major difficulty is to produce the low-mass
Mo and Ru isotopes, which also have a
higher abundance than the typical 1%
fraction of p-isotopes for heavier

elements.

(a) analyze environments which start with a different seed composition
being then exposed to the photon flux (e.g. extent of prior s-processing as
possibly found in the accreted He-burning layers of SNe Ia, Howard et al.
1991, Kusakabe et al. 2009, Travaglio et al. 2010, but not a solution for

LEPP elements at low metallicities!)

(b) invent different environment with capture reactions for light p-isotopes.
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Pop III yields (Heger & Woosley 2009)
Evolution of metal-free stars

——————————
Cayrel et al. (2004)
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element charge number

Cayrel et al. (2004). taken as representative sample for low metallicity stars (representing
type II supernova yields). E: “Standard” IMF integration of yields from M = 10 — 100 M,

explosion energy E = 1.2 B (underproduction of Sc, Co and Zn).
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Nucleosynthesis problems in “induced” piston or thermal bomb models

utilized up to present to obtain explosive nucleosynthesis yields with induced

10% : : :
: : explosion energies of 10°! erg
Tonal ezt 1 disconnected light element (n,p,He) and
Lo Si-Fe QSE-cluster, high alpha-abundance
10 iopl .,..---’;;;SN ’ prefers alpha-rich nuclei (°®Ni over **Fe),
: g 4 Y, determines dominant QSE-isotope.
] 1T R/ RS NN SR RR AR AR RARAN RRRAF
: s/, a1 18 - ]
i 1 1l 0 =
& W0 3 =7y ]
E " “Ne ]
ot = Mg a -
. et 8 5 4 V), ]
107 15 i ]
B 1 H B
1B
; - % ‘ 12 E
14 ]
ot $ | i |
> £ = “Ar E
prior results of Thielemann, Nomoto, Woosley, Chieffi .. made | N
use of initial stellar structure (and Y !) when inducing artificial .
|lJJIJllllll[lllll!ll1||||l

explosion. This neglects the effect of the explosion mechanism 0001 AT EETEET T
on the innermost zones, causes strange overproductions of Ni Coww, '

2.



In exploding models matter in innermost
ejected zones becomes proton-rich (Y >0.5)

if the neutrino flux is sufficiant
(scales with 1/r%)! :

Y, dominantly determined by e* and v, 7. captures on
neutrons and protons

Vetneopte

Jetponte

» high density / low temperature — high Er for electrons
— e-captures dominate — n-rich composition

» if el.-degeneracy lifted for high T — v.-capture
dominates — due to n-p mass difference, p-rich
composition

s in late phases when proto-neutron star neutron-rich,
7. S see smaller opacity — higher luminosity, dominate
in neutrino wind — neutron-rich ejecta

Electron Fraction

0.58 — . .
ABO at 1=0.64s
— A40 att=0.53s
0.567 — A20 att=0.44s |
BO5 at t=0.53s
0.54 — — BO7 at1=0.43s |,
— _ B{0att=0.40s
052!
050 \ [—
\1____;#{__-_---
0.48

0 005 0.1 015 0.2 0.25
Mass Outside Masscut [MSUH]

Liebendorfer et al. (2003), Frohlich et
al. (2006a), Pruet et al. (2005)



1.0

1.5}

Improved Fe-group composition

v Cayrel et al.

A Gratton & Sneden
B Thielemann et al
® Frohlich et al.

Ca Sc Ti

V. Cr Mn Fe Co Ni

Cu Zn

Frohlich et al. (2004, 2006a),
see also Pruet et al. (2005)

Models with Y >0.5 lead to an

alpha-rich freeze-out with
remaining protons which can
be captured similar to an rp-
process. This ends at **Ge, due
to (low) densities and a long
beta-decay half-life (decaying
to ®*Zn).

This effect improves the Fe-
group composition in general
(e.g. Sc) and extends it to Cu
and Zn!



Vp-process

n+ %Ge — *Ga + p; ®Ga +p — ®GCe;...

)
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A new process, which could solve some
Frohlich et al. (2006b); observational problems of Sr, Y, Zr in early

also strong overabundances can be obtained galactic eVOh}tiOH and the problem of light p-
up to Sr and beyond (light p-process nuclei) Process nuclei.

see also Pruet et al. (2006), Wanajo (2006) ~Anti-neufrino capture on protons provides
always a small background of neutrons which

can mimic beta-decay via (n,p)-reactions.
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relative to solar

vp-process studies (Wanajo, Janka, Kubono 2010), including
different neutron star masses and reverse shock effects/positions
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[Eu/Fe]
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1.5

Observational Constraints on r-Process Sites

Cowan and Sneden
@ CS 22892-052 -k CS 31082-001
HD 115444 HD 221170 i
€ BD +173248 = SS r—Process Abundances

50

‘ 60 7_0 80 90
Atomic Number

. abundances in “low ]
metallicity stars”

apparently uniform abundances above
7=56 (and up to Z=82?) -> “unique”
astrophysical event which nevertheless
consists of a superposition of ejected

mass zones
“rare” event, which must be related

to massive stars due to “early”
appearance at low metallicities
(behaves similar to SN II products
like O, but with much Ilarger
scatter)

Observations of the weak r-process?
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Honda et
al. (2007)



Working of the r-Process

(complete) Explosive Si-Burning
* 1. (very) high entropy alpha-rich (charged-particle) freeze-out
with upper equilibrium group extending up to A=80
- quasi-equilibria in isotopic chains (chemical quilibrium for
neutron captures and photodisintegrations) with maxima at
specific neutron separation energies S

- neutron/seed(A=80) ratio and S_of r-process path
dependent on entropy and Y

(many parameter studies: Meyer, Howard, Takahashi, Janka,
Hoffman, Qian, Woosley, Freiburghaus, Thielemann, Mathews,
Kajino, Wanajo, Otsuki, Terasawa, Mocelj, Farouqi, Kratz,
Goriely, Martinez-Pinedo, Arcones, Panov, Petermann ...)

2. low entropies and normal freeze-out with very low Y,

from expanding neutron star-like matter
leading also to large n/seed ratios
-S_function of Y_

(Freiburghaus, Rosswog, Thielemann, Panov, Goriely, Janka)



What is the site of the r-process?

from S. Rosswog

NS mergers, BH-NS mergers, problems:
ejection too late in galactic evolution

(or alternatively polar jets from
supernovae, Cameron 2003)

from H.-T. Janka

R [km] A Neutrino Cooling and Neutrino-

Driven Wind (t ~ 10s)

ve.u.*t*ve.u:t

10
Ry~ 10
R\,/
PNS 1.4 - gm,gBe,
C, seed

SN neutrino wind, problems:
high enough entropies attained?
neutrino properties???



n/seed ratios for high entropy conditions are are function of entropy

Farouqi et al. (2010)

High—-Entropy Wind Parameters: V - 7500 km/s, Y =045
Charged—Particle Process, 1624 Nuclei (Neutron and H to Pd-140)

10°

n/seed
=Y /Y

n seed

Abundance, Y (Y=X,/A, ZX=1)

50 100 150 200 250 300 350
Entropy, S (k,/baryon)



Individual Entropy Components

Farouqi et al. (2010), above S=270-280 fission back-cycling sets in
HEW, ETFSI-Q, Vo= 7500 km/s, Y = 0.45

o1/

? Pl Entropy, Process Duratlone
3 W 175, 086 ms

>< . .
Al 0.01 195, 138 ms '
< 236! 253 MG crorreerreee ]
N3 0.001 270, 398 ms
I 280, 468 ms ]
o 0.000" o Pb
> E ; % % [Th
3 1e-05 'y Ed e
G z ¥ Eps
E 18‘06 3 T T L L
- -

=< :

1e-07

60 80 100 120 140 160 180 200 220 240
Mass number, A



Superposition of entropies for different mass models

10%)

=Xg Yg(A) (Y(Si)=

Abundance, Y(A)

10°)

=g Yg(A) (Y(Si)=

Abundance, Y(A)

a- and r-Process Yields, Y= 0.450, Vexp= 7500 - and r-Process Yields, Y, =0.450, V

0.1

0.1

0.01 ¢
0.001 :
0.0001 ¢
1e-05 ¢

1e-06 +

1e-07

ISDla[[ b ....‘. -
I4(5 < S < 355), AS=5, FRDM

exp

= 7500 «-and r-Process Yields, Y = 0.450, V

= 7500
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?
3

£(5 < S < 355), AS=5, ETFSI-1

r-Solar » -+

N ol o
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.

a- and r-Process Yields, Y= 0.450, V

80 100 120 140 160 180 200 220 240

Mass number, A

exp= 7500

]
L]
e

Solar -

¥s(5 < S < 355), AS=5, HFB-17

T
PSP

80 100 120 140 160 180 200 220 240

Mass number, A

80 100 120 140 160 180 200 220 240
Mass number, A

80 100 120 140 160 180 200 220 240
Mass number, A

Farouqi et al. (2010)

This is a set of superpositions of entropies with a
given expansion speed (or timescale) and Y.

A superposition of expansion velocities might be
needed as well, if running into preexpanded material,
shocks etc. (Arcones et al. 2007, Panov & Janka 2009,

Wanajo 2008). That relates also to the question

whether we have a “hot’
chemical equilibria are attained and how long they

persist.

“or “cold” r-process, if



log SriY/Zr

Can Sr/Y/Zr be co-produced with r-process elements in high entropy

environments?
/n/Ge
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early work of Hoffman et al. (1996) seemed to indicate that such ratios
are highly Ye-dependent (for low entropies S<50). It turns out that for
reasonably high entropies the observed ratios can reproduced by
integrating over entropies (Farouqi et al. 2009)



Observational indications: heavy r-process and Fe-group uncorrelated,
Ge member of Fe group, Zr intermediate behavior, weak correlations
with Fe-group as well the heavy r-elements (Cowan et al. 2005)
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Almost identical behavior of heavy r-element abundances,
variations in light r-elements, often underabundances in
comparison to solar r-abundances
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Fig. 5.~ Logarithmic differences from the solar system r-process pattern (logeopject —
[0gEpar—r)-  The open triangles mean CS 22892-052, the open circles mean HD 122363,
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Long-term evolution up to 20s, transition from
explosion to neutrino wind phase

Fischer et al. (2010)

recent findings see a longterm proton-rich composition,
late(r) transition to neutron-rich ejecta possible?
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Y, and the neutrino wind

Y. dominantly determined by ¢* and v., z. captures on
neutrons and protons

Vetnepte
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neutrino sphere radii determine neutrino energies

» if el.-degeneracy lifted for high T — v.-capture
dominates — due to n-p mass difference, p-rich
composition

» in late phases when proto-neutron star neutron-rich,
v.'s see smaller opacity — higher luminosity, dominate
in neutrino wind — neutron-rich ejecta
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from Fischer et al. (2010), conditions for 10
and 18M_ which produce proton-rich

composition:

For similar neutrino and anti-neutrino
luminosities average antineutrino energies
have to be more than 5MeV higher than the
average neutrino energies, in order to make
matter neutrom-rich. Is there a chance for
this to happen at (very) late time???
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Nucleosynthesis in neutrino winds of varying conditions,
from the vp to the r-process (Roberts, Woosley, Hoffman 2010):
parametrized tests of varying the neutrino/antineutrino temperature
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Assumlng Ly, tot = 10°1((T,)/3.5 MeV)* ergs—1
between neutrinos and antineutrinos (with a 1.4M_ neutron star and a 10 km
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as neutrino luminosity, split

neutrino sphere), different neutrino temperatures result in changes in Ye.



Possible Variations in Explosions and Ejecta
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massive stars experience fallback
and delayed black hole formation
diminishing innermost ejecta: only
Fe-group  froexplosive  Si-
burning?

regular explosions with neutron
star formation, neutrino exposure,
vp-process, moderately neutron-
rich neutrino wind and weak -
process’?

under which (special?) conditions
can very high entropies or very
neutron-rich ejecta be obtained
which produce the main r-process
nuclei?

MHD jets from collapse with
rotation (Cameron 2003 ...) or
neutron star mergers

(Rosswog, Freiburghaus..1999) or
black hole accretion disks?



Heavy Element Summary

The explanation of solar system abundances above Fe is much more
complicated than originally envisioned ( r- and p-process).

1. The classical p/y-process cannot reproduce the light p-isotopes
and another process has to contribute these nuclei (vp-process)
and/or p/y-process in different locations..

2. Also the r-process comes in at least two versions (weak-
main/strong). The weak r-process is probably related to regular core
collapse supernovae and might emerge from the late neutrino wind.
The main/strong r-process comes apparently in each event in solar
proportions, but the events are rare. The site is not found, yet.
Speculations include rotating core collapse events with jet ejection,
neutron star mergers and even accretion disks around black holes.



